INTRODUCTION
The potential ofultrasonic polar backscatter measurements for detecting and characterizing porosity in composite laminates has been investigated in a number oflaboratories [l-ll] . The objective of this study was ta evaluate the influence of the nature of the composite's surface on such measurements. The deleterious effects of bleeder eloth impressions, previously noted by Bar-Cohen [12] , led to the hypothesis that the periodic surface features due to bleeder eloth impressions remaining after the cure process contribute significantly to the received backscattered signal, possibly masking the anisotropy of backscatter which is used to estimate porosity.
One measure of the anisotropy of polar backscatter is the integrated backscatter difference, defined as the difference in decibels between the maximum and minimum integrated backscatter as a function of azimuthal angle in a pore-free region. Figure 1 displays a typical polar backscatter anisotropy plot for a pore-free region of a uniaxial graphite/epoxy laminate. For ultrasound insonifying a planar composite laminate at a polar angle 8 of 30°, backscatter is seen to be the strongest for insonification perpendicular ta the fiber axes (<1> = ± 90°). As illustrated in Figure 2 the anisotropy of polar backscatter can provide a useful index for quantitatively estimating the volume fraction ofporosity. Results from measurements on two regions ofthe same specimen are displayed to contrast the difference between "porous" and pore-free regions. Except for azimuthal angles <1> ::: ± 90°, strength of the received backscattered signal is significant1y larger in the "porous" region than in the pore-free region, thus decreasing the anisotropy of polar backscatter. We therefore made use ofthe integrated backscatter difference to investigate the detrimental effects of the presence of bleeder eloth impressions on the capability of ultrasonic polar backscatter imaging to detect and characterize porosity. The integrated backscatter difference was computed as the difference bctween measurcd values of integrated backscatter at the angles detcrmined previously from the pore-free measurement, Le., 90° and 0° for the case shown in Figure 2. (In previous work [6] we illustratcd the advantages of averaging over a modest range of azimuthal angles to minimize background variations not attributable ta porosity.) Azimuthal Angle 0 (degrees) Figure 1 . One measure of the anisotropy of polar backscatter is the integrated backscatter difference, defined as the difference in decibels between the maximum and minimum integrated backscatter as a function of azimuthal angle in a pore-free region. Data were obtained from a pore-free region of a uniaxial graphite/epoxy composite. Azimuthal Angle 0 (degrees) Figure 2 . Results from two anisotropy scans: one in a pore-free region, the other in a "porous" region.
EXPERIMENTAL METHODS Sample Preparation
All the composites used in this study were fabricated at NASA Langley Research Center using #5208-T300 prepreg tape and a standard #234 TFP porous tefion coated fiberglass bleeder eloth. The effects of porosity were simulated by introducing hollow-carbon beads, having a distribution of diameters ranging from 5 to 150 microns, into a 16 ply uniaxial graphitefiber/epoxy-matrix composite approximately 2 mm. thick. Measured amounts ofhollow-carbon spherical inelusions were introduced between the 12th and 13th layers during the lay-up of a 12 by 16 inch laminate. The beads were dusted onto circular regions 2 inches in diameter at sites on a square grid with centers 4 inches apart. The sample was autoelaved and cured in an oven using a standard cure protocol. The 12 by 16 inch sample was cut into smaller samples (approximately 3.75" by 3.75") so that each contained a single zone of "porosity". In the present study we focused on samples of2% and 3.4% volume fraction of "porosity".
Measurement Methods
Backscatter measurements were performed using a 10 MHz center frequency, O.S inch diameter, 4 inch focallength transducer employed in a pulse-echo mode. The transducer was oriented at a polar angle of 30° and at various azimuthal angles as described below. The polar backscatter technique, introduced by Bar-Cohen and Crane[l) and employed in several investigations reported from this[2,4-S) and other laboratories [3, 7, 9) , eliminates the strong surface reflections from the backscattered signal. Thus the specularly reflected signal is directed away from the transducer, which then receives only signals backscattered from variations in average material properties within the insonified volume of the specimen.
Data were collected over the frequency range 6 to 12 MHz in 0.04 MHz steps using the system shown in Figure 3 . Backscatter was measured quantitatively using a generalized substitution technique [13-1S) . The power spectrum of the backscattered signal was obtained by gating a 9 !1sec segment into an analog spectrum analyzer. This power spectrum was then normalized to the power spectrum obtained in a second (calibration) measurement in which the specimen was replaced by a nearly perfect (flat stainless steel) ultrasonic reflector, insonified at normal incidence. The result of this normalization, the backscatter transfer function, is independent of the electromechanical efficiency of the transducer and the properties of the system electronics. The backscatter transfer function is a relative measure of the backscattering efficiency. as a function of frequency. The frequency average of the backscatter transfer function, termed the integrated backscatter, provides a useful index of backscatter efficiency over a finite bandwidth [lS,16) . Frequency averaging over a broad bandwidth reduces the degrading influence ofphase cancelIation[lS, [17] [18] [19] [20] and otherinterference effects which can compromise the results ofbackscatter measurements. The useful bandwidth chosen for alI ofthe results presented in Section III of this manuscript was over a range from 6 to 12 MHz.
RESULTS

Anisotropy of Polar Backscatter
Results of measurements performed with the bleeder eloth impressions intact were compared with the corresponding results obtained afier their complete removal by surface grinding. Figure 4 displays the integrated backscatter difference in a graphite/epoxy laminate for measurements taken in a "porous" and pore-free region. With bleeder eloth impressions removed, the integrated backscatter difference was 16 dB for a pore-free region and 3 dB for a region containing approximately 3.4% volume fraction of "porosity". In contrast, for measurements made on the same sample prior to the complete removal of the bleeder eloth impression, the integrated backscatter difference was 5.5 dB for a pore-free region and 5.6 dB for the region containing approximately 3.4% "porosity". Thus the measurements carried out after the bleeder eloth impressions were completely removed displayed a large difference (12 dB) between the "porous" and porefree regions. In contrast, measurements carried out with the bleeder eloth impressions intact yielded virtually identical results in the "porous" and pore-free regions. These results indicate that the presence of bleeder eloth impressions remaining after the cure process can contribute significant1y to the received backscatter signal, masking the anisotropy of polar backscatter.
Systematic Reduction of Bleeder Cloth Effects
In order to delineate the relative contributions of undesirable scattering from bleeder eloth impressions on the top and bottom surfaces, three sets of anisotropy scans were performed on the same region of a pore-free uniaxial graphite/epoxy composite. Prior to Scan 1, one side of the sample had been SUrface ground to remove the bleeder eloth impression and the other side had the bleeder eloth impression left intact. Insonification was from the side with the bleeder eloth impression. Scan 2 was performed with the composite in the same state as for Scan 1 except that the sample was flipped over and insonified from the side from which we had completely removed the bleeder eloth impression. Prior to Scan 3, we surface ground the second side and then repeated the measurement.
Scans were carried out at a polar angle of 30° and azimuthal angles varying from -110° to + 110° in 2° increments. Each sample was scanned on a 4 by 4 grid in 2.5 mm steps and the acquired frequency spectra were averaged to reduce the effects of spatial variations. Integrated polar backscatter is plotted as a function of azimuthal angle for each of the scans in Figure 5 . As illustrated previously (see Figure 1 ) the polar backscatter signal is expected to be the largest for azimuthal angles where the insonifying beam is perpendicular to the fiber axes (~ = ± 90°) and smaHest for angles of insonification·approximately parallel to the fiber axis (~= 0°). Although the results from Scan 1 of Figure 5 display the expected maxima for ~ = ± 90°, there is an unexpccted peak at ~ = 0° and a substantial backscattered signal for azimuthal angles between -90° and +90°.
The relative contributions of these unexpected results are significant1y diminished in Scan 2 (bleeder eloth impression on opposite side) relative to those in Scan 1 (bleeder eloth impression on insonified side). It is interesting to note that the unexpected peak at ~ = 0° is stiH evident in 
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Azimuthal Angle 0 (degrees) Figure 5 . Anisotropy scans displaying results for 3 surface conditions. In Scans 1 and 2, one side of the composite had been surface ground. The side with the bleeder eloth impression intact was insonified in Scan 1. The side with the bleeder eloth impression removed was insonified in Scan 2. For Scan 3, both sides had been surface ground.
Scan 2. Inspection of the data trace from Scan 3 for which the bleeder eloth impression had becn removed from both si des reveals the expected results for a uniaxial composite laminate. That is, for angles of insonification perpendicular ta the tiber orientation the polar backscatter displays peaks that are significantly stronger than signals received for nonperpendicular angles, and thc minimum occurs for insonification parallel to thc tibers.
Ouantitative Imaging Practical applications of the methods of polar backscattcr to charactcrize porosity require the generation of two dimensional images to map suspected regions of porosity: Figure 6 displays the results obtained from a quantitative mapping of a composite containing a localized region of "porosity", 2% by volume fraction. A raster scan was performed over a square grid using a step size of 1.5 mm. The azimuthal angle ofinsonification was fixed parallel to the tiber orientation (<1> = 0°). The value (in dB) shown for each region is the mean of 169 sitcs. Thc circular region in the center of the scan in Figure 6 corresponds to the region of "porosity". The region exhibits an average value of integrated backscatter 44.1 dB below that from a stainless steel (reference) plate. In contrast, typical integrated backscatter values in the porc-free regions average 53.2 dB below that from a stainless steel plate. As an illustration ofthe potentially confounding role ofbleeder eloth impressions, a 1 inch wide vertical strip at the right ofthc imagc corresponds to a region where thc depth of the grinding to removc the bie eder elolh impression was limited so that a faint impression remained. Even this relatively faint impression on the insonified surface was sufficient to produce a value of integrated backscatter of -42.5 dB relative to that of a stainless steel plate. This value is 1.6 dB larger than that (-44.1 dB) characteristic of thc zone of "porosity" . 
DIS CUS SION
Considerable progress has been reported in recent experimental and theoretical investigations of the potential role of polar backscatter in detecting and characterizing porosity [7-1O] . Nevertheless, practical implementation of this approach will be feasible only after the confounding effects of surface conditions can be reliably eliminated from the measured signals. The results ofthis investigation indicate that the presence ofthe bleeder eloth impressions substantially influences the degree of anisotropy. Furthermore, for relatively thin samples in which selective time gating is not feasible, not only the state of the insonified surface but also the state of the back surface influences the received signal. Some additional effects pertinent to the study of relatively thin laminates have been investigated by other authors [11] . Although removing these impressions by surface grinding provided a satisfactory approach for this laboratory investigation, an easily reversible surface treatment to minimize scattering from bleeder eloth impressions and similar surface features will be required in practical applications. 
